All relevant data are within the paper and its Supporting Information files.

Introduction {#sec006}
============

Surveillance Epidemiology and End Results Program (SEER) statistics show that approximately 34,000 people live with esophageal cancer in the United States\[[@pone.0122375.ref001]--[@pone.0122375.ref003]\]. The increased incidence and histologic change from squamous cell carcinoma to adenocarcinoma for esophageal cancer over the past four decades is one of the most dramatic changes observed in the history of human cancer\[[@pone.0122375.ref003]\]. Despite recent advances in multimodality therapy incorporating radiation, surgery, chemotherapy and newer biologic agents, the outcomes are still dismal (five-year survival of less than 20%)\[[@pone.0122375.ref004],[@pone.0122375.ref005]\]. Therefore, there is a need to better understand the aspects of tumor biology that predict clinical behavior and identify novel molecular targets for therapy.

Previous studies have focused on identifying protein biomarkers of esophageal adenocarcinoma (EAC) to help predict tumor behavior and treatment response \[[@pone.0122375.ref006]\]. There has been an increased interest in non-coding RNAs (ncRNA) and microRNAs (miRNAs) and their potential use as indicators of cancer behavior. miRNA expression patterns have been identified for different tumor types \[[@pone.0122375.ref007]\] and are now known to play important roles in tumor development and associated pathways \[[@pone.0122375.ref008]\]. These expression patterns are thought to have potential roles as biomarkers, predictors of tumor response, and/or potential treatment targets \[[@pone.0122375.ref009]--[@pone.0122375.ref011]\]. However, most of the literature associated with esophageal cancer has been with respect to miRNA expression profiles of esophageal squamous cell carcinoma (ESCC) \[[@pone.0122375.ref007],[@pone.0122375.ref012],[@pone.0122375.ref013]\]. The predominant form of esophageal cancer in the United States and Europe is now adenocarcinoma \[[@pone.0122375.ref014]\].

The modified Levrat surgical model, which uses an end-to-side esophagojejunal anastomosis, has been used to study EAC. Previous studies have shown that the resultant gastroduodenojejunal reflux leads to a reliable progression from Barrett's esophagus to esophageal adenocarcinoma on a histologic and molecular level \[[@pone.0122375.ref015]\]. The Levrat animal model is highly efficient for inducing tumorigenesis, with an observed 70% rate of adenocarcinoma development at 28 weeks after surgery. However, utilization of this model has been limited by the inability to demonstrate metastatic disease \[[@pone.0122375.ref016]\].

The objectives of the present study were to validate the Levrat model as an *in vivo* model of EAC metastasis and to identify a miRNA signature for EAC that is likely to metastasize using comparative miRNA analysis.

Materials and Methods {#sec007}
=====================

Ethics Statement {#sec008}
----------------

The Institutional Animal Care and Use Committee (IACUC) at University of Pittsburgh and the IACUC at Allegheny Health Network approved the respective study protocols, all animals used in this study were cared for, and all procedures were in compliance with the "Guide for the Care and Use of Laboratory Animals". All animals were euthanized by carbon dioxide inhalation.

Experimental Design {#sec009}
-------------------

Study schema outlining the major steps in the experimental design and miRNA analysis are represented in [Fig. 1](#pone.0122375.g001){ref-type="fig"}.

![Study schema outlining the major steps in the experimental design and miRNA analysis.](pone.0122375.g001){#pone.0122375.g001}

Levrat Model {#sec010}
------------

The Levrat model was used to create a surgical end-to-side esophagojejunal anastomosis in 6--8 week-old, 300 g male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) as previously described \[[@pone.0122375.ref017]\]. The animals were closely monitored post-operatively and weighed weekly. All animals were euthanized at 40 weeks post-operatively by carbon dioxide inhalation. If rats experienced a 25% or greater weight loss after immediate post-operative period or fit alternate euthanasia criteria, they were sacrificed prior to 40 weeks.

Histological Processing and Pathological Evaluation {#sec011}
---------------------------------------------------

Upon necropsy, the entire esophagus and jejunum, to a length approximately 1 cm distal to anastomosis, was collected and opened longitudinally. The esophagus and jejunum were inspected visually. Lung, liver, stomach, and regional lymph nodes were collected from all animals at necropsy. Collected tissue specimens were snap frozen in Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA; \#4583), sectioned into 5 μm slides, and stained with hematoxylin and eosin (H&E). The H&E stained slides were reviewed by two blinded pathologists. EAC was characterized by mucinous, dysplastic glandular cell growth with atypical nuclei and invasion through the basement membrane.

Immunofluorescent Labeling (IF) {#sec012}
-------------------------------

Immunofluorescent labeling using villin (VIL1) and mucin 5AC (MUC5AC) antibodies was performed on primary tumor from the esophagus to establish the presence of adenocarcinoma and on metastatic tissue to establish esophageal origin. Briefly, 5 μm frozen sections were fixed in 3.7% formaldehyde for 15 minutes followed by 3 washes of Tris-buffered saline (TBS). Non-specific antibody-epitope sites were blocked with 1% Bovine Serum Albumin (BSA)/5% goat serum in TBS for 1 hour. Incubation with the primary antibody or isotype control was performed for 1 hour followed by 3 TBS washes. MUC5AC (Pierce Biotechnology, Rockford, IL; \#MA1-2907) was used at a 50x dilution, VIL1 (Thermo Fisher, Fremont, CA; \#MS1499PO) at 2ug/ml. Secondary antibody incubation for 1 hour was performed using 2.5 ug/ml goat anti mouse Alexa 488 (Life Technologies, Carlsbad, CA; \#A11017) and 5 ug/ml goat anti mouse Alexa 594 (Life Technologies, Carlsbad, CA; \# A11020) for MUC5AC and VIL1, which was followed by 3 TBS washes. Slides were rinsed in water and allowed to dry. One drop of Prolong Gold with 4\', 6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR; \#P36935) was added to each slide. Slides were cured overnight at room temperature in the dark and stored at 4°C.

Optimization and reproducibility of both stains were conducted before analysis of study samples. Intensity standardization of the immunofluorescent stains involved special attention to incubation times and co-interpretation of standard slides with positive, negative and isotype controls. Control tissues for VIL1 were kidney (positive control), normal esophagus (negative control) and mouse IgG on kidney (isotype control). Control tissues for MUC5AC were gastric epithelium (positive control), normal colon (negative control) and mouse IgG on gastric epithelium (isotype control). Positive villin staining was identified by sharp localized fluorescent signals in the brush border and cytoplasm of goblet and columnar cells. Mucin 5AC positive staining was identified by localized cytoplasmic fluorescent signal in mucus cells and goblet cells.

Molecular Analyses {#sec013}
------------------

### Macrodissection {#sec014}

Tumor tissue was macrodissected from primary esophageal specimens for molecular analyses. Fifteen 20 μm sections were cut in a cryostat. The tumor mass was dissected using a cold, RNase-free razor and placed in QIAzol buffer (Qiagen, Valencia, CA; \#79306). The same number of sections were cut from normal esophageal specimens and placed directly into QIAzol buffer. RNA containing the miRNA population was isolated using the miRNeasy Kit (Qiagen, Valencia, CA; \#217004). RNA concentration was spectrophotometrically assessed on the SpectraMax M2e plate reader (Molecular Devices, Sunnyvale, CA) and RNA quality was assessed by Bioanalyzer (Agilent, Santa Clara, CA) RIN (RNA Integrity Number).

### miRNA Profiling {#sec015}

Three metastasis negative and 7 metastasis positive primary tumors were selected for miRNA profiling using 3216Z array (SA Bioscience, Frederick, MD). Briefly, 10 ng of total RNA containing miRNA was reverse transcribed in a total volume of 10ul at 37°C for 1 hour followed by inactivation of reverse transcriptase at 95°C for 5 minutes using the miScript II RT Kit (Qiagen, Valencia, CA; \#218160) according to manufacturer recommendations. cDNA was diluted 5-fold in nuclease free water and 5 ul was preamplified using the miScript PreAmp Kit (Qiagen, Valencia, CA; \#331451). Cycling parameters for preamplification were: 95°C for 15 minutes followed by 2 cycles of 94°C for 30 seconds, 55°C for 1 minute, 70°C for 1 minute followed by 10 cycles of 94°C for 30 seconds, 60°C for 3 minutes. Preamplified cDNA was diluted 20-fold in nuclease free water. PCR was performed on 100ul of preamplified cDNA using the miRNome miScript miRNA 3216Z PCR Array and the miScript SYBR Green PCR Kit (Qiagen, Valencia, CA; \#218073). Cycling parameters for PCR were: 95°C for 15 minutes followed by 40 cycles of 94°C for 15 seconds, 55°C for 30 seconds, and 70°C for 30 seconds. Data was normalized to 5 endogenous control miRNAs: SNORD68, 72, 95, 96A and RNU6-2 and expression calculated by the delta-delta-Ct (2^-ΔCT^) method. The top differentially expressed miRNAs were identified using miScript miRNA PCR Array Data Analysis using a threshold of \> 2 fold change and a p-value \<0.05 ("focus miRNAs") for significance. The results of the miRNA profiling were labeled by metastasis location: stomach or other organs. The filtering produced a list of 111 focus miRNAs: (1) 30 focus miRNAs were present in stomach and present in other organs ("common to all organs"); (2) 70 focus miRNAs were present in stomach only ("specific to stomach"); and (3) 11 focus miRNAs were present in distant sites except stomach ("specific to non-stomach organs").

### Pathway Analysis of miRNome {#sec016}

Two groups of differentially regulated focus miRNAs were analyzed by Ingenuity Pathway Analysis (IPA) to determine a miRNA signature for EAC metastasis: 1) 30 miRNAs common to all metastases and 2) 11 miRNAs specific to non-stomach organs. miRNAs that were specific to stomach metastases were not included in the analysis because of the possibility of "drop metastases" i.e., tumor cells that spread from the primary lesion site to the stomach via gastrointestinal fluid \[[@pone.0122375.ref018]\].

Focus miRNAs from the 2 groups were mapped to the IPA Knowledge Base to generate molecular networks displaying the interactions between miRNAs on a molecular level. IPA recognizes the focus miRNAs from the dataset and uses Qiagen's Gene Ontology to assign a gene symbol name before running the gene expression analysis. The gene symbol name is determined by the miRNA's canonical "seed sequence" and nucleotides 2--8 at the 5' end of the miRNA, which is known to be important in mRNA target recognition across multiple organisms \[[@pone.0122375.ref019]\]. IPA ranks networks by interconnectivity and number of focus miRNAs, with the underlying assumption that more highly interacting miRNAs more likely represent significant biological function \[[@pone.0122375.ref020],[@pone.0122375.ref021]\]. Networks are scored by the number of focus miRNAs\[[@pone.0122375.ref022]\]. For the group "common to all metastases," the 2 top-scoring networks were "Cancer, Organismal Injury and Abnormalities, Reproductive System Disease" (IPA score 26, focus miRNAs 11) and "Cellular Growth, Proliferation, Cell Cycle, Developmental Disorder" (IPA score 20, focus miRNAs 9). For the group "specific to other organs," the top-scoring network was "Cellular Development, Cellular Growth and Proliferation, Developmental Disorder" (IPA score 9, focus molecules 4). The 23 focus miRNAs from the top-scoring networks were selected for further analysis.

Canonical pathways for metastasis and upper gastrointestinal tract cancer were overlaid on the top-scoring networks to further identify the functional subset of 14 focus miRNAs over-represented in the neoplasia and metastasis literature. Finally, a cut-off of ≥ 4 fold change in gene expression was used to identify the final 4 focus miRNAs constituting the miRNA signature.

A functional analysis was performed on upstream signaling molecules and downstream targets of the 4 miRNAs to identify molecules in the top scoring networks related to neoplasia and metastasis. One upstream molecule (KRAS) and 6 downstream targets (AGO2, AKT1, BCL2, BCL2L11, CDKN1B, and ZEB2) were selected for further gene expression validation.

### Gene Expression Validation {#sec017}

Gene expression analysis of mRNA upstream and downstream targets identified by the IPA analysis was performed on a secondary cohort of 5 normal esophagus control specimens, 5 metastasis positive, and 23 metastasis negative primary EAC samples. Total RNA was isolated as previously described from the macrodissected tumor. RNA for the control tissue was isolated from the entire section. Briefly, 500 ng and 125 ng of total RNA was reversed transcribed using the RT^2^ First Strand Kit (Qiagen, Valencia, CA \#330401). For each sample, a no RT reaction (NRT) containing everything except the RT enzyme was performed. SYBRgreen PCR of 4.5 ng (1x input) and 1.125ng (4x input) cDNA as well as the NRT reaction and a no template control (NTC) was performed using the following RT^2^ Primer Assays: KRAS (Qiagen, Valencia, CA \#PPR47860F), Ago2 (Qiagen, Valencia, CA \#PPR48846A), Akt1 (Qiagen, Valencia, CA \#PPR45425C), Bcl2 (Qiagen, Valencia, CA \#PPR06577B), Bcl2L11 (Qiagen, Valencia, CA \#PPR06472A), CDKN1B (Qiagen, Valencia, CA \#PPR06391A), ZEB2 (Qiagen, Valencia, CA \#PPR50195A), and control Rplp1 (Qiagen, Valencia, CA \# PPR42363C). Cycling parameters were: 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds, 60°C for 1 minute followed by dissociation curve analysis of 95°C for 15 seconds, 60°C for 1 minute, and 95°C for 15 seconds to show amplification of the specific amplicon. Ct values were generated and a 2 cycle difference between the 1x and 4x input was used to assess the quantitative nature of the RT reaction. Data was normalized to ribosomal protein, large, P1 (Rplp1) and relative expression values were calculated using the 2^-ΔCT^ method. The NRT reactions were used to show the absence of gDNA amplification and the NTC reactions to show absence of contamination.

Statistical Analysis {#sec018}
--------------------

Statistical analyses were performed using SPSS software (IBM, Armonk, NY, Version 20). A p-value \< 0.05 was considered statistically significant. Independent two-tailed T-test were used to compare miRNA and gene expression profiles of metastasis positive primary tumors vs. metastasis negative primary tumors. For miRNA pathway analysis IPA software was used\[[@pone.0122375.ref023]\].

Results {#sec019}
=======

Modified Levrat Rat Model {#sec020}
-------------------------

Forty-one total animals were included in the present study by undergoing esophagojejunostomy as described above. Twenty-nine rats survived to 40 weeks (29% mortality rate). Twelve rats died (2-died of unknown cause, 7-suffered post-operative anastomotic leak, 1-died of respiratory complications, and 2- sacrificed for persistent weight loss and found to have anastomotic stricture on necropsy). Of the 29 rats that survived to 40 weeks, 3 were tumor free, and 4 had a lesion with unclear pathology findings and were excluded. Twenty-two animals had adenocarcinoma confirmed on pathology of which 13 had metastatic disease. Epithelial origin of metastasis was validated by IF using villin and mucin 5AC (Figs. [2](#pone.0122375.g002){ref-type="fig"}--[4](#pone.0122375.g004){ref-type="fig"})

![Immunofluorescence staining of rat tissue with MUC5AC and villin.\
Panel A and B show MUC5AC immunofluorescence staining for primary adenocarcinoma in Levrat esophagus and normal esophagus, respectively. Panel C and D show villin immunofluorescence staining in Levrat esophagus and normal esophagus, respectively. Positive MUC5AC and villin staining were detected in primary tumor with the Alexa Fluor 488 secondary antibody, conjugated to a green fluorophore and the Alexa 594 secondary antibody, conjugated to a red fluorophore, respectively. Normal esophagus shows the absence of MUC5AC and villin staining.](pone.0122375.g002){#pone.0122375.g002}

![Immunofluorescence staining of rat tissue with MUC5AC.\
Panel A to F show immunofluorescence staining for metastatic lung, metastatic liver, metastatic stomach, non-metastatic lung, non-metastatic liver and non-metastatic stomach, respectively for representative cases. Positive MUC5AC cytoplasmic staining was detected in all metastatic samples with the Alexa Fluor 488 secondary antibody, conjugated to a green fluorophore. Metastasis negative liver and lung show the absence of MUC5AC staining. However, metastasis negative stomach stains positive for MUC5AC as gastric mucin M1 antigen is found in mucus cells of gastric epithelium.](pone.0122375.g003){#pone.0122375.g003}

![Immunofluorescence staining of rat tissue with villin.\
Representative case of (A)metastatic lung, (B) metastatic liver, (C) metastatic stomach, (D)non-metastatic lung, (E) non-metastatic liver and (F) non-metastatic stomach. Positive villin cytoplasmic staining was detected in all metastatic samples with the Alexa Fluor 594 secondary antibody, conjugated to a red fluorophore. Metastasis negative liver, lung and stomach show the absence of villin staining.](pone.0122375.g004){#pone.0122375.g004}

miRNome Analysis {#sec021}
----------------

Four animals in the metastasis positive and 4 animals in the metastasis negative group had reverse-transcriptase inhibition during miRNome analysis and were discarded from the data set. Tumors from 7 of the metastasis positive animals and tumors from 3 of the metastasis negative animals were selected for miRNA profiling ([S1 Fig](#pone.0122375.s001){ref-type="supplementary-material"}.). The selected 7 metastasis positive animals had confirmed macro-metastases in the lung (1), liver/stomach (2), lymph node/stomach (1), and stomach (3), respectively.

Based on the comparative miRNome results, miScript miRNA PCR Array Data Analysis (Qiagen) identified differentially expressed miRNAs ("focus miRNAs"). 70 focus miRNAs were specific to stomach mets, 11 focus miRNAs were specific to other organ mets (lymph node, lung, liver), and 30 focus miRNAs were common to stomach mets and mets to other organs (Tables [1](#pone.0122375.t001){ref-type="table"}--[2](#pone.0122375.t002){ref-type="table"}).

10.1371/journal.pone.0122375.t001

###### Thirty differentially expressed miRNAs common to all organs (stomach and other distant sites).

![](pone.0122375.t001){#pone.0122375.t001g}

  Mature ID             Symbol                                          Fold Regulation   p value
  --------------------- ----------------------------------------------- ----------------- -----------
  **rno-miR-33-5p**     miR-33-5p (and other miRNAs w/seed UGCAUUG)     **-65.07**        **0.001**
  **rno-miR-32-5p**     miR-92a-3p (and other miRNAs w/seed AUUGCAC)    **-29.05**        **0.001**
  **rno-miR-141-3p**    miR-141-3p (and other miRNAs w/seed AACACUG)    **-18.01**        **0.006**
  **rno-miR-29b-3p**    miR-29b-3p (and other miRNAs w/seed AGCACCA)    **-14.93**        **0.007**
  **rno-miR-101a-3p**   miR-101-3p (and other miRNAs w/seed ACAGUAC)    **-13.55**        **0.026**
  **rno-miR-326-3p**    miR-330-5p (and other miRNAs w/seed CUCUGGG)    **-11.88**        **0.001**
  **rno-miR-96-5p**     miR-96-5p (and other miRNAs w/seed UUGGCAC)     **-11.77**        **0.017**
  **rno-miR-24-2-5p**   miR-24-1-5p (and other miRNAs w/seed UGCCUAC)   **-10.22**        **0.038**
  **rno-miR-1-5p**      miR-1-5p (miRNAs w/seed CACAUAC)                **-10.08**        **0.011**
  **rno-miR-147**       miR-147 (and other miRNAs w/seed UGUGCGG)       **-7.43**         **0.003**
  **rno-miR-19a-3p**    miR-19b-3p (and other miRNAs w/seed GUGCAAA)    **-7.3**          **0.004**
  **rno-miR-345-5p**    miR-345-5p (miRNAs w/seed GCUGACC)              **-6.67**         **0.001**
  **rno-miR-675-5p**    miR-675-5p (and other miRNAs w/seed GGUGCGG)    **-6.32**         **0.033**
  **rno-miR-219a-5p**   miR-219a-5p (and other miRNAs w/seed GAUUGUC)   **-5.57**         **0.002**
  **rno-miR-301b-3p**   miR-130a-3p (and other miRNAs w/seed AGUGCAA)   **-4.95**         **0.031**
  **rno-miR-142-5p**    miR-142-5p (and other miRNAs w/seed AUAAAGU)    **-4.9**          **0.001**
  **rno-miR-20b-5p**    miR-17-5p (and other miRNAs w/seed AAAGUGC)     **-4.86**         **0.003**
  **rno-let-7i-3p**     let-7i-3p (miRNAs w/seed UGCGCAA)               **-4.74**         **0.032**
  **rno-miR-193-3p**    miR-193a-3p (and other miRNAs w/seed ACUGGCC)   **-4.66**         **0.003**
  **rno-miR-106b-5p**   miR-17-5p (and other miRNAs w/seed AAAGUGC)     **-4.5**          **0.011**
  **rno-miR-200a-3p**   miR-141-3p (and other miRNAs w/seed AACACUG)    **-3.78**         **0.018**
  **rno-miR-497-5p**    miR-16-5p (and other miRNAs w/seed AGCAGCA)     **-3.62**         **0.006**
  **rno-miR-331-3p**    miR-331-3p (miRNAs w/seed CCCCUGG)              **-3.52**         **0.048**
  **rno-miR-425-5p**    miR-425-5p (and other miRNAs w/seed AUGACAC)    **-3.32**         **0.017**
  **rno-miR-130a-3p**   miR-130a-3p (and other miRNAs w/seed AGUGCAA)   **-3.15**         **0.002**
  **rno-miR-30d-3p**    miR-30a-3p (and other miRNAs w/seed UUUCAGU)    **-2.93**         **0.003**
  **rno-miR-17-5p**     miR-17-5p (and other miRNAs w/seed AAAGUGC)     **-2.73**         **0.025**
  **rno-miR-20a-5p**    miR-17-5p (and other miRNAs w/seed AAAGUGC)     **-2.52**         **0.036**
  **rno-miR-30b-5p**    miR-24-1-5p (and other miRNAs w/seed UGCCUAC)   **-2.05**         **0.022**
  **rno-miR-340-3p**    miR-340-3p (and other miRNAs w/seed CCGUCUC)    **2.87**          **0.002**

A two-tailed, two-sample equal variance T-test was performed to obtain the p-values.

10.1371/journal.pone.0122375.t002

###### Eleven differentially expressed miRNAs specific to distant organs excluding stomach.

![](pone.0122375.t002){#pone.0122375.t002g}

  Mature ID             Symbol                                          Fold Regulation   p value
  --------------------- ----------------------------------------------- ----------------- -----------
  **rno-miR-3561-5p**   miR-3561-5p (miRNAs w/seed CUGUGUC)             **-12.67**        **0.043**
  **rno-miR-451-5p**    miR-451a (and other miRNAs w/seed AACCGUU)      **-12.58**        **0.018**
  **rno-miR-133b-3p**   miR-133a-3p (and other miRNAs w/seed UUGGUCC)   **-9.33**         **0.03**
  **rno-miR-133a-3p**   miR-133a-3p (and other miRNAs w/seed UUGGUCC)   **-7.89**         **0.041**
  **rno-miR-540-5p**    miR-540-5p (miRNAs w/seed AAGGGUC)              **-6.28**         **0.001**
  **rno-miR-296-5p**    miR-296-5p (miRNAs w/seed GGGCCCC)              **-6.25**         **0.037**
  **rno-miR-874-5p**    miR-874-5p (miRNAs w/seed GGCCCCA)              **-5.25**         **0.03**
  **rno-miR-376a-3p**   miR-376a-3p (miRNAs w/seed UCGUAGA)             **-3.23**         **0.011**
  **rno-miR-429**       miR-200b-3p (and other miRNAs w/seed AAUACUG)   **-2.13**         **0.018**
  **rno-miR-24-1-5p**   miR-30c-5p (and other miRNAs w/seed GUAAACA)    **-2.05**         **0.033**
  **rno-miR-489-5p**    miR-489-5p (miRNAs w/seed GUCGUAU)              **-2.00**         **0.003**

A two-tailed, two-sample equal variance T-test was performed to obtain the p-values.

Pathway Analysis of miRNome {#sec022}
---------------------------

IPA identified 4 focus miRNAs related to metastasis and upper gastrointestinal tract cancer (≥4 fold change) that were downregulated in metastasis positive samples versus metastasis negative samples: 1) miR-92a-3p (p = 0.0001, fold change \>14), miR-141-3p (p = 0.0022, fold change \>9), miR-451-1a (p = 0.0181, fold change \>12) and miR133a-3p (p = 0.0304, fold change \>9) ([S2 Fig](#pone.0122375.s002){ref-type="supplementary-material"}.). The 4 focus miRNAs symbols miR-92a-3p, miR-141-3p, miR-451-1a, and miR133a-3p were mapped from the dataset ID rno-miR-32-5p, rno-miR-141-3p, rno-miR-451-5p, and rno-miR-133b-3p respectively.

To determine if the selected miRNA signature would predict significant changes in expression of genes within the canonical neoplastic and metastasis pathways, IPA was used to identify 1 upstream negative regulator (KRAS) of miR-141-3p and 6 downstream, positively regulated targets (AGO2, BCL2L11, AKT1, ZEB2, CDKN1B, BCL2) of the 4 miRNAs. The interactions between the miRNAs and upstream regulator/downstream targets are summarized in [Fig. 5](#pone.0122375.g005){ref-type="fig"}.

![Cellular interactions between miRNAs and target genes.\
Green represents downregulation and red represents upregulation of gene expression. A two-tailed, two-sample equal variance T-test was performed to obtain the p-values.](pone.0122375.g005){#pone.0122375.g005}

IPA identified the top 5 canonical pathways associated with the miRNA signature and downstream molecules as PTEN signaling (p-value 3.64E-09), prostate cancer signaling (p-value 1E-07), pancreatic adenocarcinoma signaling (p-value 2.83E-07), PI3K/AKT signaling (p-value 5.15E-07), and molecular mechanisms of cancer (p-value 1.02E-6) ([S3 Fig](#pone.0122375.s003){ref-type="supplementary-material"}., [S1 Table](#pone.0122375.s004){ref-type="supplementary-material"}). The results of the IPA analysis selection for the miRNA signature, upstream/downstream targets, and associated biological function are summarized in [Table 3](#pone.0122375.t003){ref-type="table"} ([S2 Table](#pone.0122375.s005){ref-type="supplementary-material"}).

10.1371/journal.pone.0122375.t003

###### Target genes of the miRNA signature and associated cell function/disease processes.

![](pone.0122375.t003){#pone.0122375.t003g}

                                                miRNA regulation---Downstream Targets                                                                                    
  --------------------------------------------- ------------------------------------------- ------------ ----------- ------------- ------------------------------------- ------------------------------------------------------------------------------------------------------------------
  **Positively Regulated Downstream Targets**   miR-92a-3p                                  miR-141-3p   miR-451-a   miR-133a-3p   **Function in cell**                  **Mediated disease processes**
  *AGO2*                                        ✔                                           ✔            ✔                         RNA interference, gene silencing      Epithelial neoplasia \[[@pone.0122375.ref024]\], \`esophageal cancer \[[@pone.0122375.ref024]\]
  *AKT1*                                                                                                 ✔           ✔             Cell growth, survival                 Epithelial neoplasia\[[@pone.0122375.ref025]\], metastasis\[[@pone.0122375.ref026]\]
  *BCL2*                                                                                                 ✔                         Suppressor of apoptosis               Epithelial neoplasia \[[@pone.0122375.ref027]\], tumorigenesis \[[@pone.0122375.ref028],[@pone.0122375.ref029]\]
  *BCL2L11*                                     ✔                                           ✔                                      Mediator of Apoptosis                 Hematological neoplasia \[[@pone.0122375.ref030]\], hyperplasia \[[@pone.0122375.ref031]\]
  *CDKN1B (p27)*                                                                                         ✔           ✔             Cell cycle control                    Epithelial neoplasia \[[@pone.0122375.ref029]\], tumorigenesis \[[@pone.0122375.ref032]\]
  *Zeb2*                                        ✔                                           ✔                                      Regulator of growth and development   Epithelial neoplasia \[[@pone.0122375.ref033]\], tumorigenesis \[[@pone.0122375.ref034]\]
  **Upstream Negative Regulators**              **miRNA regulation---Upstream Regulator**                                                                                
  *KRAS*                                                                                    ✔                                      Regulates cell growth and survival    Tumorigenesis, metastasis\[[@pone.0122375.ref035]\]

Gene Expression Analysis {#sec023}
------------------------

To further confirm findings, relative gene expression analysis of 1 upstream and 6 downstream genes targeted by the miRNA signature was performed. Six of seven genes showed significant differential expression in primary EAC samples with metastases compared to without metastases ([Fig. 6](#pone.0122375.g006){ref-type="fig"}).

![Relative gene expression levels in a secondary cohort of metastasis negative and metastasis positive primary EAC in the Levrat Model.\
Quantitative reverse transcription-PCR (QRT-PCR) was performed on seven gene targets identified by the metastatic miRNA signature in IPA. Six of seven target genes were significantly upregulated in primary tumors with metastasis.](pone.0122375.g006){#pone.0122375.g006}

Discussion {#sec024}
==========

Results of the present study show for the first time metastatic disease in the Levrat model, and identify a miRNA profile associated with the presence of metastasis. Esophageal origin of metastases was confirmed by the presence of VIL1+/MUC5AC+ cells. As such, results of this study confirm the value of the Levrat model for the study of not only EAC, but also metastatic EAC.

Metastases formed spontaneously from the primary tumor, without the use of an external carcinogen or injection of a metastatic esophageal cancer cell line. Perhaps mimicking a clinical scenario of metastases, cancer cells from the primary rodent tumor were induced to migrate to distal sites with longer survival times and sustained exposure to the reflux. Other animal models of EAC have relied upon a non-physiological carcinogen such as 2, 6,-dimethylnitrosomorphine (2, 6-DMNM) to induce EAC tumorigenesis \[[@pone.0122375.ref036]\]. Models of metastasis involving injection of metastatic cancer cells intracardially or intravenously risk obscuring translatable insights into the biology of metastasis by introducing genetic variation during cell culture \[[@pone.0122375.ref037]\].

The Levrat surgical model has been previously reported by other groups to present reliable progression of Barrett's Esophagus and EAC by 28 weeks \[[@pone.0122375.ref017]\], 36 weeks \[[@pone.0122375.ref038]\], and 40 weeks \[[@pone.0122375.ref039]\]. However, metastasis to distant organs has not been observed. According to the traditional model of metastasis, the invasion-metastasis cascade is a late-acquired event in tumorigenesis \[[@pone.0122375.ref037]\]. Later time points, such as the 40 week time point used in the present study, may be required for the micro- and macro-metastases to be detected in the Levrat model.

One example of the Levrat animal model of metastasis for clinical use, as shown in the present study, is the identification of primary tumor biomarkers that predict the likelihood of metastatic disease. Emerging classes of tumor biomarkers are the miRNAs---small, non-coding RNAs that regulate gene expression via degradation or translational inhibition of target mRNAs. miRNAs make attractive cancer biomarkers because their expression is known to be differentially regulated in normal tissue versus neoplastic tissue and may be globally profiled using high-throughput microarrays \[[@pone.0122375.ref040],[@pone.0122375.ref041]\]. Recently, miRNAs have been found to have a direct, non-coding role in tumor suppression by targeting several oncogenes involved in specific cancer-related pathways \[[@pone.0122375.ref042]\].

There is a profound need for an animal model of EAC metastasis. Individuals with EAC face grim prospects: 50% of patients will have metastatic disease before the time of diagnosis. Therefore, a representative preclinical model is vital for progress to be made in EAC research. Despite screening procedures and novel approaches for the treatment of high-grade dysplasia and EAC such as radiofrequency ablation \[[@pone.0122375.ref043]\] and stepwise radical endoscopic resection \[[@pone.0122375.ref044]\], mortality rates remain high secondary to poor risk stratification leading to late discovery. There are substantial limitations to current treatments including the need for recurrent interventions, risk of stricture formation, and the development of metachronous lesions and/or metastatic disease. EAC still poses a number of challenges secondary to its natural history despite improvements in minimally invasive surgical techniques, which successfully decrease hospital stays and perioperative morbidity,

The most common sites of EAC metastases observed clinically include liver, lung, and lymph nodes \[[@pone.0122375.ref045],[@pone.0122375.ref046]\]. Macro-metastases in the present study occurred in the lung (1), liver/stomach (2), lymph node/stomach (1), and stomach (3). Stomach metastases are not a reported site of EAC metastasis and for this reason were excluded as a group from the gene pathway analysis. It is plausible that the stomach metastases found in this study were "drop metastases" or cancer cells that had been shed from the primary tumor and spread to the stomach via the peritoneal cavity or esophageal lumen. Only metastases established through clinically relevant processes via the blood and lymphatic systems were studied \[[@pone.0122375.ref047]\].

In the present study, the miRNome analyses were conducted using 7 metastatic (experimental group) and 3 non-metastatic (control) animals with primary EAC. The large miRNA datasets were filtered using IPA analysis to identify a smaller subset of miRNAs in pathways common to the metastatic sites, which in turn yielded the 4 miRNA signature of metastatic EAC.

This signature could be used to further characterize the molecular and genetic changes associated with metastatic neoplasia. The 4 miRNAs (miR-92a-3p, miR-451a, miR-141-3p, and miR-133-3p) were significantly down regulated in metastasis positive tumors. Five downstream (AGO2, BCL2L11, AKT1, ZEB2, CDKN1B) and 1 upstream targets of the miRNAs (KRAS) in the signature were significantly overexpressed in metastasis positive tumors. The downstream targets are associated with epithelial neoplasia and metastasis. The upstream target KRAS has been shown to activate Zeb1, a repressor of miR-141-3p\[[@pone.0122375.ref035]\]. Zeb1 and Zeb2 (shown to be overexpressed in the present study) are important transcription factors in the epithelial-mesenchymal transition, a process known to drive tumorigenesis and metastasis\[[@pone.0122375.ref048]\].

Recent studies have shown that the miRNA expression changes in human esophageal adenocarcinoma\[[@pone.0122375.ref049],[@pone.0122375.ref050]\]. Feber et.al, showed changes in miR-100, 199a-3p, 199a-5p, miR-143 and miR-145. Although the miRNA signature is different from the miRNA signature shown in our study, the targeted genes overlap by TargetScan analysis. miR-100 targets AGO2, miR-199a-3p and miR-145 target ZEB2, miR-143 targets BCL2, and miR-199a-5p targets CDKN1B, which are 4 of 7 genes targeted by the rat miRNA signature in the present study. In a more recent paper by Chen et.al, 3 miRNAs were differentially expressed in human esophageal adenocarcinoma: miR-200a, miR-21, and miR-133a. MiR-200a targets ZEB2, and miR-21 targets BCL2. Whereas, miR-133b shares sequence homology and gene targets with miR-133a, which was identified as a part of the rat miRNA signature in the present study. Therefore, the rat miRNA profile described in the present study corroborates these results, and predicts similar gene targets, as described previously\[[@pone.0122375.ref049],[@pone.0122375.ref050]\].

The top 5 canonical pathways associated with the miRNA signature and downstream/upstream molecules were PTEN signaling, prostate cancer signaling, pancreatic adenocarcinoma signaling, PI3K/AKT signaling, and molecular mechanisms of cancer. The PI3K/AKT and PTEN pathways play a central role in regulating cell growth and survival \[[@pone.0122375.ref051]\]. It is known that when cell proliferation increases, the chance of an oncogenic mutation increases, which may drive the multi-step process from neoplasia to metastasis \[[@pone.0122375.ref047]\]. Many of the key molecules of the PTEN and P13K/AKT pathways overlap with the molecular mechanisms of the cancer pathway. The identification of the prostate cancer signaling pathway and the pancreatic adenocarcinoma signaling pathway suggest the interactions between the miRNAs and downstream molecules may be similar to the progression of cancer in other organs.

Taken together, the down-regulation of 4 miRNAs affecting multiple molecules of the PI3K/AKT, PTEN, and the molecular mechanisms of cancer pathways suggest multiple neoplastic drivers contribute to cell invasiveness---the most aggressive, end-product of tumor formation.

Further study into the pathways noted may help identify novel therapeutic targets specific to EAC \[[@pone.0122375.ref052]\]. More importantly, from a clinical standpoint, a unique aspect of the present study is the fact that the miRNome analysis was conducted on the primary tumor itself which plausibly characterized an expression profile unique to primary tumors that had the propensity to metastasize. If metastatic potential is identified early at the time of diagnosis, it may potentially help modulate treatment in several ways. First, it may spare metastasis-unlikely patients from the cytotoxic effects of unnecessary chemotherapy/radiation when resection alone could be effective. Second, a predictive miRNA signature on the primary tumor could dictate an aggressive treatment regimen for metastasis- likely patients. The latter is the group of patients suited more for clinical trials with novel agents that may potentially modulate some of the pathways outlined.

Similar miRNA signatures to those identified in the present study have been shown to predict survival, as well as to stratify the relative risk of patients in esophageal squamous cell carcinoma and other types of neoplasia \[[@pone.0122375.ref012],[@pone.0122375.ref053]\]. More studies on human tissues of the signature derived in the present study could reveal similar correlations.

The limitations of the present study include the sole use of an animal model and the small sample size. Further studies with a larger sample size are needed to validate the predictive nature of the reported miRNA signature. However, since the model is genetically conserved and we did validate the numerous linked genes, studies on human tissue would be a logical next step to corroborate findings of the present study. Such studies with human tissue would establish direct clinical relevance and would be important in validating therapeutic targets in the canonical pathways of tumorigenesis and metastasis.

In summary, the present study validated the Levrat model as an *in vivo* model of metastatic EAC and identified a unique miRNA signature for EAC metastasis within the primary tumor using comparative miRNA analysis. It is important to note that both the miRNA signature and the analysis were conducted on the primary tumors and not the metastatic sites. This has important implications in identifying and predicting primary tumors that have the potential and propensity to metastasize.
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